Introduction 57
The stroke-impaired hand is typically characterized by a diminished ability to extend and 58 ab/adduct the digits from their flexed resting postures (Woodson 1995) . Consequently, stroke 59 survivors will often employ compensatory grasp strategies when using the impaired hand to 60 interact with the environment. Such strategies largely exploit the passive joint range of motion 61 of paretic finger and thumb joints and the closed posture of the paretic hand to trap an object 62 between the fingers, between the fingers and palm, or between the fingers and thumb. 63
Occasionally effective, such compensatory strategies are ill-suited for accomplishing a variety of 64 tasks that are important to daily life requiring controlled movement and force production 65 between the thumb and fingers. 66
Despite the benefits of current rehabilitation approaches to hand function following a 67 cerebrovascular accident (CVA) ( (both intrinsic and extrinsic) has been observed clinically (Waters 1978 ; Tafti 2008), we were 83 unaware of any studies that objectively and quantitatively determined whether this resistance is 84 neurally-mediated, i.e., due to hypertonia as defined by Lance (Lance 1980) . 85
Thus we sought to evaluate SR responses in thumb flexor muscles of persons with 86 chronic, severe hand impairment. We also explored whether SR responses in the thumb and 87 fingers were similarly altered (e.g., elevated) in the same hand following stroke. There is 88 sufficient inter-digit neuroanatomical difference (Volkmann, Schnitzler et al. 1998; Schieber 89 1999) to preclude simply assuming that the paretic thumb and fingers behave similarly. We (Fig. 1A) . Casting material and a fixation device were used to maintain the postures of the 127 forearm, wrist and the TMC joint. A splint was used to stabilize the interphalangeal (IP) joint in 128 neutral flexion. The MP joint range of motion was acquired for each subject. While the subject 129 was at rest, the motor rotated the MP joint throughout the middle 75% of its joint range using a 130 trapezoidal angular velocity profile to stretch the flexor muscles that cross the joint. The velocity 131 profile reached a plateau at either a slow (10 deg-s For each trial, the motor rotated the thumb MP joint from a flexed posture to an extended 137 posture at either the slow or fast speed, held the joint in the extended posture for 2 s, and then 138 returned the joint to the starting flexed posture (i.e., a ramp and hold perturbation paradigm). 139
The joint angle difference between the flexed and extended postures represented 75% of the MP 140 joint range. Three trials were randomly performed at each speed. In nine of twelve hemiparetic 141 and three control subjects, muscle activity was recorded from the flexor pollicis longus (FPL), 142 the intrinsic thumb muscles (INT: adductor pollicis (ADP), ulnar/radial head of flexor pollicis 143 brevis (FPBu/r), abductor pollicis brevis (APB)), extensor pollicis longus (EPL) and extensor 144 pollicis brevis (EPB) using surface electrodes (Delsys Inc.; Boston, MA) placed over the belly of 145 each muscle (Marsden, Merton et al. 1976; Day and Marsden 1982) (Table 2 ). In the remaining 146 three hemiparetic (subjects 3, 5 and 10) and five control (subjects 13-17) subjects, only activity 147 of the intrinsic thumb muscles was recorded. 148 tachometer (PMI Motion Technologies), respectively connected to the motor (Fig. 1) . Measured 154 quantities were low-pass filtered at 225 Hz (Delsys Inc.; Boston, MA) and sampled at 500 Hz. 155
Data were collected using LabVIEW (National Instruments; Austin, TX). 156 A similar protocol was followed in the assessment of the SRs in the paretic finger flexor 157 muscles. Activity in the flexor digitorum superficialis (FDS), extensor digitorum communis 158 (EDC) and the first dorsal interosseus muscles (DI) ( Table 2) was measured with surface 159 electrodes and all four fingers were simultaneously extended and flexed at the MP joints (Fig. 1) . 160
Surface electrodes were sufficient to record reflex activity in initially inactive, stretched muscles 161 without signal contamination from non-targeted muscles. Only stretched (or shortened) muscles 162 had the potential to be activated. During voluntary muscle activation, however, surface 163 recordings of the deep (FPL, EPL) and small (EPB) thumb muscles were most susceptible to 164 signal contamination by the activity of other muscles. 165
Data analysis 166
Data were analyzed using MATLAB (The MathWorks, Inc.; Natick, MA) and SPSS 167 (SPSS Inc.; Chicago, IL 60606). The three trials collected for each stretch condition (i.e., each 168 muscle-stretch and speed-digit combination) for each subject were averaged together. Muscle 169 activity data were rectified and digitally low-passed filtered at 10 Hz (Butterworth filter, 2 
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Results
200
Reflex activity -magnitude 201
We recorded joint torques and muscle activity elicited by sequential interleaved slow and 202 rapid stretches of thumb and finger flexor muscles in hemiparetic and control subjects (e.g., Fig.  203 2). For the 12 subjects in the hemiparetic group, the mean joint torque response in thumb flexors 204 were comparable to that observed in the control group. Mean PTDs and associated standard 205 deviations (SDs), i.e., mean (SD), for both groups (hemiparetic: 0.0142 (0.0061) Nm-cm less. In general, reflex activity occurred inconstantly in paretic 219 thumb flexor muscles as described above, but consistently in the paretic finger flexors. In 10 of 220 12 hemiparetic subjects, finger flexor muscle activity was elicited most frequently in FDS (9 221 subjects), second most frequently in DI (8 subjects) and sometimes in EDC (6 subjects). In FDS, 222 the mean magnitude of the (initial) reflex response was 25 (30)% of MVC; in DI, 10 (7)% of 223 MVC and in EDC, 14 (16)% of MVC. In numerous instances, there were multiple responses, 224
and in some cases, responses that continued until the fingers were returned to their starting 225 position (Fig 2A) . In general, this was not the case in the thumb. 226
Reflex activity -timing 227
The time elapsed from the initiation of the stretch perturbation to the start of the reflex 228 varied by muscle within the thumb and within the fingers. For the four instances in which a 229 reflex response was elicited in the paretic intrinsic thumb flexor muscles (INT), the mean elapsed 230 time of response was 172 (47) ms. For the single instance in which we observed a response in 231 paretic EPL, the elapsed time of the reflex was 218 ms. In the control group, we measured reflex 232 activity in INT (ET: 30 ms) in 1 subject. 233
As for the finger muscles, the mean elapsed time and associated standard deviation of the 234 initial reflex response for FDS was 36 (19) ms (9 subjects); for EDC, 48 (25) ms (6 subjects); 235 and for DI, 71 (61) ms (8 subjects). These times were not statistically distinct from one another 236 (p = 0.21). 237
Voluntary activity 238
Finally, the hemiparetic group was generally weaker in the thumb than the control group 239 (Table 1) data, we have no way of knowing to what extent these neurons were spared (e.g., the profound 278 kinetic weakness we measured during maximum torque production (Table 1) flexor. In particular, this also includes damage to the sensory cortex as many of the brain-injured 295
patients that Marsden and colleagues tested (with depressed SRs also) had impaired joint 296 position sense, vibration sense and two-point discrimination of the thumb. These findings may 297 help explain the lack of exaggerated reflexes in paretic thumb flexor muscles in this study. 298
Reflex activity in finger muscles 299
The observed exaggerated SR responses in the flexor muscles of the fingers following 300 hemiparetic stroke was expected, in agreement with earlier findings. is unclear, however, from our data whether the fingers or the thumb had the greatest 357 involvement. 358
Another study reported that the long-latency reflex 359 response of FPL was abnormally depressed following stroke. Measurement of depressed reflex 360 responses was beyond the scope of this study as our participants, in contrast to the participants in 361
Marsden et al. ), remained at rest throughout the stretch trials. 362
Latency calculations, for the purpose of determining reflex latency type, were also beyond the 363 scope of this study. Often, a reflex latency is computed following a quasi-instantaneous input to 364 tendon (e.g., that from a tendon tap). By design, the ramp-and-hold perturbation paradigm 365 provides a time-varying, continuous input to muscles/tendons. As such, it makes less sense (than 366 if the perturbation were a tendon tap) to talk about short and long latencies. Further, one of our 367 earlier studies (Kamper, Schmit et al. 2001) showed that muscle length impacts the magnitude 368 and timing of a reflex response. Thus, characteristics of the ramp could affect whether and when 369 a muscle reflex response occurs. In addition, it is unclear what effect the "hold" or a static 370 muscle stretch, has on the reflex characteristics of muscle. Though, it seems from our data that 371 there was a correlation between the hold phase and additional responses observed. In a few 372 instances, additional responses persisted until the fingers were returned to their staring posture 373 (e.g., Fig. 2A ). Perhaps, this is further evidence that designations such as M1 or M2 may not 374 apply when ramp-and-hold perturbations are applied. 375
The results of this study may be limited to the specific stroke population tested and 376 limited by sample size despite the relatively homogenous subject populations; most in the 377 hemiparetic group had severe hand impairment (i.e., CMSA 2 or 3, Table 1 ) and subjects in the 378 control group were approximately age-matched with those in the hemiparetic group. The results 379 of the study may also be limited by the decision to pool non-mixed (reflex) and mixed (reflex 380 plus voluntary) thumb muscle responses together as those responses were compared to the reflex 381 activity of finger muscles. However, since there was such a large discrepancy between thumb 382 muscle responses and those of the finger muscles, we believe overall findings (see below) were 383 unaffected. While we believe the experimental design of the study did not allow proper analysis 384 of the additional finger muscle responses, it would be useful to determine the cause of the 385 additional responses as they could relate to important stroke-induced nervous system changes. 386
To the best of our knowledge, this is the first study of the flexor muscles of both the thumb and 387 fingers in the same paretic hand. Overall findings indicate that, while paretic finger flexor 388 motoneurons were hyper-excitable, paretic thumb flexor motoneuronal activity resembled that of 389 the control group. On the rare occasion when thumb flexor muscle activity was recorded during 390 the stretch, the timing of the activity was very much delayed compared to that of the finger 391 flexors. These findings intimate one or more differences in hand impairment mechanisms 392 following chronic, severe, hemiparetic stroke. Tables  524   See ppt slides for figure and table captions were hemiparetic, subject 13-20 were control. Table 2 for muscle abbreviations. While subjects were instructed to remain at rest during the stretch, this subject appeared to have activated DI during return of the thumb to its starting position. . Mean for each group is designated by a line (hemiparetic -white, control -black) and standard deviation by a gray box.
